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THE EFFECT OF INCRI'iASED COOL IMG SURFACE ON PERFOiiMANCE 
OF AIRCRAFT -ENGINE CnJNIJERS A3 STICWN 

m. TESTS OF TEE NAGA GYIj:N;jER 

By Oscar \\\ Scaey^ Vern G. Rollin, 
aad lieDnan K. EllQrbrock^ Jr. 



A method of constructing fins of nearly optijiQ\3m proportions 
has been developed by the NAGA to U\e point Y/here a cylinder lias 
been raanufactured arid tesi.ed. T'^La ivere obtained on cylinder tem- 
perature for a Y-ide range of inlet-nianifold pressures, engine speeds, 
and cooling-fjressure differences. 

The results indicate that an iinp::'oveirient of UO porceni. in thie 
outside-wall heat-tranfer coef i'lcient could he realised on tlie 
present NAGA cylinder .by p:^:>viding a thermal boni equivalent ^to that 
of an integral f in-cyQAnder wall combination between the preformed 
fins and the cast cylinder -ivall. 

Estimates over a i-an[-e of v;all thicknossea i'rom 0.75 i^^-^^ to 
lo inches shoiAT that the pressure drop required for cooling could 
be decreased as much as 80 percent for a range of po^vers from present 
cruising to take-off power if the head fins on a present-day cylinder 
were replaced by fins of NACA cylinder proportions and if tl:ie therrnal 
bond between the wall and tlie fins were equivaj.ent to that of an ^ 
integi'al arranger-ent . Galcaulations based on lai inside--vvall head tem- 
perature of !^00'^ F indicate that the pressure dr'op i-oquLred for 
coolin^^ hypothetical cylinders of varying head-wall thicteess could ^ 
be decreased 50 percent by increasing the tliicKness fro;-n. 0.7 inch to 
1.$ inches. Ati. estimate based on an inside-v;all iiead tenjperatiire 
of $00^ F and an Integra]., fin bor^i indicates t!iat bhe improved 
cooling obtained trirough the use of Lias of NAGA cylinder fin pro- 
portions will permit an increase ox perceni: in power output. 
This esti-mate ox power i?:icrease is niavie 3ole:!y for cooling criteria 
and does not include jtk?r factors liruiting power outpub. 
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INTRODUCTION 



The increase in power output of aircraft engines has been an 
important factor in the constantly improved performance of air- 
craft. The power output of air-cooled engines is limited in part 
by the quantity of waste heat that can be efficiently dissipated 
from the cylinder to the cooling-air stream. Improved cooling can 
be obtained either by increasing the quantity of cooling air by 
means of a blower or by increasing the cooling area by means of an 
improvement in fin proportions » kn increase in the cooling area 
is the m.ore efficient method from power and drag considerations. 
An analysis using equations obtained from heat-transf er tests (ref- 
erence 1) showed that, if the heat-^transf er coefficient for a con- 
stant outside-wall temperature is doubled by the choice of a suit- 
able fin design, the resultant cooling capacity of the engine vdll 
be sufficient for a tripled power output. 

Extensive investigations in which electrically heated test 
specimens were used have been conducted by the NACA to determine 
the fin proportions necessary for ma.xim.um heat transfer (reference 2). 
These investigations showed that the fins of service-type aircraft 
engines were net of optimum proportions c If the information obtained 
from this analysis were to be applied to the design of fins for air- 
craft cylinders, the power output would then probably be limited by 
factors other than cylinder cooling j that is, the design of spark 
plugs, the presence of preignition, the antiknocking quality of the 
fuel, or mechanical considerations. The resi,ats of these investi- 
gations were applied to the design of finning for an air-cooled 
engine cylinder- Because fins of the dimensions required to give 
a maximum heat transfer for a given width of finning and a given 
pressure drop across the baffles could not be produced by conven- 
tional machining and casting m.ethcds, a method of bonding preformed 
sheet-aluminum fins to the cast aluminum alloy of the cylinder head 
was developed by the N/VCA. Three progressively improved cylinders 
were constructed during 1937 and I938 vdth approximately the same 
inside dimensions as a commercial cylinder in general use at that 
time« The fin proportions of this commercj.al cylinder were inad- 
equate for cooling an engine mth an increased power output. 

The results of tests made during 1953 and 1939 on one of the 
NACA cylinders were reported in reference 3- Since the construction 
and testing of the NACA cylinders, the machining and casting miethods 
for making fins have improved^ cylinders having a fin-surface area 
much greater than that of the commercial cylinder of 1937 are now in 
general use. No cylinder heads having a cooling area as large as 
that of - the NACA cylinder head are Icncwn to have been cast or machined. 
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The present report describes the construction of the NACA cyl- 
inders and presents the results of the engine tests made vdth one 
of the cylinders. Equations are given for the average head ari^ the-, 
average barrel temperatures of the WkZk cylinder as functions of 
the fundamental engine ana cooling variables c By means of theste 
equations and similar ones for a commercial air raft cylinder in 
general use in 1937 (hereinafter designated the A cylinder) and of 
approximately the saiue inside dimensions as the NAGA cylinder, a 
comparison was made of the cooling performance of the two cylinders. 
The NACA cylinder was also compared with a comjiiercial cylinder in 
general use in 19U2 and of approxLvtately the same inside dimensions 
as the A cylinder but with better finning (hereinafter denoted the 
B cylinder) • Cooling data on the A cylinder were obtained from ref- 
erence 1 and those on the B cylinder^ from, unpublished tests made at 
Langley Memorial Aeronautical Laboratory in 19Ul- 

Estimates were made of the decrease in pressure drop for a 
given power output and of the increase in poyrer for a given pressure 
drop effected through the use of head fins of NACA cylinder propor- 
tions on the B cylinder. The fin bond.VTas assumed to be therrally 
perfect, that is, to have the thermal properties of an integral fin- 
cylinder wall combination c This assumption was not realized in the 
construction of the NACA cylinder. All estimates of povrar increases 
are based solely on cooling considerations; mechanical limitation, 
fuel, or other factors might prevent the attainment of such powers. 

Mr. Ernest Johnson, chief of the technical service division of 
\M<L, gave invaluable assistance in developing the technique for con- 
structing the cylinders. Acknowledgment is made to Mr. Harry W. Lee, 
of the Norfolk Nav^;- Yard, for his assistance in developing the tech- 
nique of casting the NAGA cylinders. 

This investigation ?vas conducted at LMAL from. 1957 to 19U2. 
This paper contains all the essential material of reference 5 
supersedes that report. 

THE NACA CYLINDER 



The results of an analysis of tests on electrically heated 
finned cylinder barrels enclosed in jackets showed that, for a large 
range of fin weights and for a pressure difference of li inches of 
v\rater across the baffles, the optimum spacing for steel fins was 
appro>:im.ately 0.07 inch and the optimum thickness, approximately 
0.63 inch (reference 2). For aluiainum fins the spac?Lng was abvout 
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the same but the thickness decreased to 0.02 inch. These propor- 
tions varied slightly with pressure difference. The analysis also 
indicated that the spacing and the thickness could be increased 
vdthout an appreciable decrease in heat transfer. No similar tesl^s 
have been made on cylinder heads but the results of the tests on 
the electrically heated cylinder barrels should be approximately 
applicable to cylinder heads. 

After construction difficulties had been considered, a cylinder 
head having a fin spacing of O.O78 inch, a fin thickness of 
O.jDJl inch, and a fin ^'ddth of 1.9 inches weiS designed. At a pres- 
sure difference of k inches of water, these fin proportions would 
give 10 percent less heat transfer than fins of the same weight but 
of optimum proportions. In 1957 the commercial foundries considered 
it impracticable to construct the MCA cylinder head by casting the 
closely spaced wide fins. The fins were not machined on the head 
because the results were uncertain and the cost ms prohibitive. 
The fins can be stamped from an aluminum alloy of high thermal con- 
ductivity and then attached to the wall. The use of such an alloy 
for the fins of a head cast by the conventional method is not pos- 
sible because the fins mu3t be of the same material as the vail, 
which requires an alloy of W.gh strength with resulting reduced con-^ 
ductivity. 

The pref ormed-f in method of construction -vas chosen and devel- 
opment work started on small cylindrical specimens. The fins 
were stamped from an aluminum sheet and clamped together 7/1 th inter- 
fin steel spacers leaving l/h inch of the inner fin surface exposed 
to form the bond with the molten aluminum of the cylinder-head wall. 
The exposed fin surfaces v;ere thoroughly cleansed to insure a good 
bond but, in spite of this precaution, an oxide film formed on the 
fins cYdng to the action of either the air or the molten al^ojninum 
on the fin. Specimens y/ere made using various fluxes, various 
aluminum solders for tinning the exposed fin surface, and various 
materials for coating the surface of the spacers. The metal was 
poured vath the mold spinning in an effort to scrub the oxide film 
off the fins. Both the preheat temperature of the mold and the 
pouring temperature of the metal v^^ere varied in order to determine 
the optirrpam temperatures. The results obtained with the specimens 
brought about the decision to cast the NACA cylinder head from an 
aluminum Y alloy with the mold stationary, with no fl'ox, ^y/ith a silica 
flour coating on the spacers, v/ith the exposed fin surfaces tinned 
with an aluminum solder, and with a mold temperature of. 1100^ F and 
a pouring temperature of the aluminum of IJOO^ F. 

Figure 1 shovvs the various steps in assembling the fins and 

the spacers and of preparing and assembling the cores, The thermo- 
couples on the cylinder-head casting (fig. 1(d)) were located on 
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the exposed inner surface of the fins to indicate the mold temper- 
ature* The cylinder-'head casting was .heat-treated by heating to 
950*^ F and quenching in water. The interx^in spacers were left in 
place during the heat treatment to prevent the fins from -v/arping. 

The comparative finning of the A, the B, and the NACA cyl- 
inders is indicated in figure 2. The three cylinders have approxi^ 
mately the same inside dimensions, but the cylinder walls of the 
NACA cylinder head are much thickp.r than those of the other tno cyl- 
inder heads- Cross sections of the A cylinder and the NAGA cyl- 
inder are she™ in figure 3- The NACA cylinder head is approximately 

I'i inches thick at the heaviest section; the corresponding thickness 
of the A cylinder is 25/52 inch and of the B cylinder, 1 inch. The 
barrel of the NACA cylinder v^as constructed and the cylinder-head 
casting was machined by Pratt & Whitney Aircraft. The 59 steel 
barrel fins, I/52 inch thick, 25/52 inch wide> and spaced 0.0$ inch 
apart, were copper-brazed to the barrel wall. The barrel of the 
A^ cylinder has steel fins and the barrel of the B cylinder has an 
aluminum m.uff with aluminum fins. 

The following table presents the fin areas, the fin v/eights, 
and the cylinder weights of the commercial and the NACA cylinders: 



Cylinder 


Fin-surface area 
(sq in.) 


Weight of fins 
■ (lb) 


Total weight 
(lb) ' 




Head 


Barrel 


Head 


Barrel 


Barrel 


Cylinder 


A 
B 

NAGA 


102-^ 
6727 


137^ 
1231 


3.0 
9.U 


2.0 
2.< 


10.80 

13.62 


32.25 
U2,10 

53.75 



The fin-surface area on the head of the NACA cylinder is consid- 
erably larger than that on the head ox either of the commercial cyl- 
inders. Although the NACA cylinder has about four times as much 
head fin-surface area as the B cylinder, the difference in weight 
due to these fins is only about u pounds. The present fin bond of 
the NACA cylinder is l/h inch deep and adds pounds of weight; a 
1/8-inch bond conoid be achieved, thereby further reducing the weight 
of the cylinder. 
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APPARATUS 
Test Setup 

A diagrammatic sketch cf the single-cylinder test unit is shovm 
in figure U and a photograph, in figure 5. The engine has a bore of 

inches, a stroke of 6 inches, and a compression ratio of ^.9. 
The valve timing, approximately that of the standard commercial 
engines, is: 

Intake opens, degrees B.T.C. 
Intake closes, degrees A .E.G. 
Exhaust opens, degrees B.3.C. 
Exhaust closes, degrees A.T.C 

In all the tests a single-^cylinder injection pump and an injection 
valve located in a hole in the cylinder above the front spark, plug 
were used. Six eoiually spaced holes of 0.063-.inch diameter were 
drilled in the cylinder liner below the cylinder flange for the 
introduction of lubricating oil under 2 pounds pressure. This addi- 
tional lubrication was needed because of the long cylinder adapter 
and connecting rod. The cooling system consisted of an orifice tank, 
a centrifugal ""blower, an air duct, and a sheet-metal jacket enclosing 
the cylinder. A diagram of the jacket is shorn in figure 6. The 
jacket had a wide entrance section, which gave a low air velocity in 
front of the cylinder; the rear half of the jacket fitted closely 
against the fins, which permitted effective use of the air. The 
jacket-exit areas for both the head and the barrel were 1.6 times 
the free--flow area between the fins. A partition placed in the rear 
of the jacket separated the air that flowed over the head from the 
air that floY^ed over the barrel. 

An auxiliary blower was used to provide inlet manifold pressures 
above atmospheric pressure. A surge tank was installed in the ^ 
combustion-air system above the engine to reduce pulsations. The 
engine pov;er 7^3 absorbed by a water brake interconnected vdth an 
electric dynamometer} the torque rras read from dial scales. The 
NAG A standard test-engine equipment was used to determine engine 
speed and fuel consumption. 



Instruments 

Iron-constantan thermocouples and a potentiometer were used to 
measure the cylinder temperatures. The thermocouples of enameled 
and silk-covered 0.0l6-inch-diameter wire were peened into the outer 
surface of the cylinder head and spot-welded to the outer surface of 
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the barrel. The locations of the 22 thermocouples on the cylinder 
head, the 10 on the barrel, and the 2 on the flanges are sho™ in 
figure 7. In addition, 10 thermocouples, differentiated by the suf- 
fix A, were located in several fins as close as possible to the cyl- 
inder v^all and adjacent to the similarly numbered thermocouples to 
measure the temperature drop from the wall to the fin. 

The temperatures of the cooling air passing over the head and 
the barrel were separately measured. The cooling~air temperatures 
were measured at the jacket entrance near the cylinder by two mul- 
tiple thermocouples consisting of two thermocouples electrically 
connected in series, and at the outlet of the jacket by tv/o multiple 
thermocouples consisting of fo\}x thermocouples electrically connected 
in series. The cold junctions of all thermocouples were placed in an 
insulated box. Liquid-in-glass thermometers v/ere used to measure the 
cold^ junction temperature, th'3 air temperatures at the Durley thin- 
plate orifices, and the air temperatures in the inlet manifold near 
the cylinder. 

The pressure drop across the cylinder v/as measured by a static 
ring around the air duct l-ocated ahead of the engine cylinder where 
the'velocity head vi^as negligible (fig. 6). The static ring was con- 
nected to a water manometer. An inclined water manometer was used 
to measure the orifice-tank pressure and a mercury manometer, to 
measure the inlet manifold pressure. 

The weight of combustion air was determined with a thin-plate 
orifice and a multiple manometer that indicated the total pressure 
in inches of mercury and the pressure drop across the orifice in 
inches of water. The fuel consumption was determined from measure- 
ments of the time required to consume a fixed weight of fuel* 
Accuracy was obtained by using a sensitive balance that electrically 
operated a stop watch. A Cambridge fuel-air -ratio meter was used 
for the convenience of the operator, but the actual mixture ratios 
were calc^aiated from measurements of air and fuel consumption. 



TESTS AND COIffUTATIONS 



Tests of the NAGA cylinder were conducted to determine the con- 
stants used in equations for the average head and the average barrel 
temperatures as functions of the fundam.ental engine and cooling 
variables. In order to obtain the constants in the equations for 
the average head and barrel temperature, the data were calculated 
and plotted by the method of reference 1, The constants in the equa- 
tions used to determine heat-transfer coefficients from the gas to 
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the inside Y^all vf^re determined from tests in which a jacket slightly 
different from that shovm in figure 6 was used. Inside-wall coeffi-" 
cients, however, are independent of jacket form and the coefficients 
determined in the foregoing tests are applicable to the wide- 
entrance jacket. 

From the tests of the MCA cylinder and the data from similar 
tests that have been made on the A and the B cylinders, cylinder 
temperatuz-es, pov/er required for cooling, pressure drop required for 
cooling, heat-transfer coefficients, and heat dissipated to the 
cooling air were computed for the three cylinders. The shape of the 
jackets used on the A and the B cylinders was the same as that used 
on the- NACA cylinder. More tests were made on the NACA cylinder 
than were necessaiy to establish the values of the constants in the 
equations I the additional tests were made to check the validity of 
the values over a range of engine and cooling conditions. 

Calibration tests v/ere made- to determine the weight of air 
flovdng over the head and the barrel of the NACA cylinder as a func- 
tion of the pressure drop across the cylinder (fig. 8). The pres- 
sure drop i^p obtained from the static ring placed in front of the 
cylinder included both the drop across the cylinder and the loss at 
the jacket exit. The p>r3ssure drop is givon in inches of v/ater and 
is corrected to a standard air density of 70^ -F and 29.92 inches of 
mercury absolute* The method of computing the cooling-air weight 
from the pressure drop across the Durley orifices is given in refer- 
ence u. The engine brake horsepower was calculated from corrected 
dynamometer-scale readings and the engine speed. The friction 
horsepower was determined -by motoring the engine at the inlet- 
manifold pressures, the exhaust pressures, and the speeds used in 
the power runs. The indicated horsepower was obtained by adding 
the brake horsepoxver to the friction horsepower. 

The tests covered the following range of conditions: 



Cooling-air temperature, % , 89-103 

Brake mean effective pressure, pounds per square inch . • . 83-190 

Engine speed, rpm ..... 1^00-2100 

Pressure drop across cylinder, inches of water 2<k-33*3 

Fuel-air ratio 0.079-0.080 

Spark timing, degrees B.T.C 26-31 

Inlet^air temperature, 80-92 



In all of the tests except those in vdrlch the brake mean effec- 
tive pressure was varied, the weight of the combustion aj.r delivered 

to the engine per cycle v^as held constant. The weight of combustion 
air was calculated from the pressure and the temperature readings at 
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the thi/i-^plata orifice inserted in the ciiict between the blO'/;er and 
the oagin3, -ising orifice coefficients and equations from refer- 
once > The test data obtained v/ith the HACA cylinder a?re --olotted 
in figures 9, 10, li, and IS. 

Analysis of a large nvjnber of tests- for several cylinders 
(references 1 and 6) led to a choice for tiie effective gas tempera- 
ture Tgr, which enters ia the equations for average head and barrel 
terrrpera-^uures^ of 113'C/^ F for tl/ie "head and 600^" F for the barrel. 
These values are for inlet-air teniperatui-es of approximai.ely 30^" 
fuel-air ratios near the chemically correct mixture^ and nonral spark 
settings. These values of T^ were used in tlie ore sent report bo 
deter-nine the constants in the cooling eqixabicns of the MC/l cylinder 
for average head and barrel temperatures as fuiictions of the engine 
and thr^ cooling variables. For estimates of press'ore drop roquirod 
for cooling and of poiver obtainable from the A^ the 3^ and the NAGA 
cylinders for mixtui:es other than the chemj.cally correct Hiixtux'e-^ 
values of T^-, were obtained xro::!^ tests conducted at Lan^^ley Memorial 
.Aeronau;uical'^Laboratory on tiie Pratt & Siitnoy R-2800 cyj.inder. 

Gasoline conforndnr: to Army speciJa cation r,o. 2-92, grade 100 
(100-octane nuiabor, Army riietliod) v^ras used for all the tests. 



Constants for the Cundainental cooling equations are obtained 
from the curves in figures 9 and 10 by methods described in infer- 
ence !• The curves for -bite cylinder head in figures 9 and 10 arj 
based on the temperatures measured by the tixer mo couples on the 
outside-wall surface of the head. The data for figire 9 "v/ere 
obtained from tests using, a different jao^^cet^ as previously men- 
tioned^ but the constants in tlie equations obtained froni these 
curves are app lie able m the cooling equation for tho cylinder "with 
the ir/ide-entrance jacket of xigure 6. The eqi^^rtions ibr tlio HACA cyl- 
inder with the wide-entrance .jacket aires 
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Tb - Ta ^ — (2) 

0.6U7 Uvp/pjc)) ' 
^ -zr^ +1 

■where 

Tj^ average teraperature over outside cylinder-head s^orface when 
equilibrium is attained^ ^'F 

T^^ average tenii>aratur9 over outside cylinder-barrel surface when 
equilibrium is attained, ^ 

Tg^ inlet temperature of cooling alr^ 

Tg effective gas temperature^ 

a^ cutside-virall area of ti^^ad (or barrel) of cylinder, square 
inches 

a-j_ internal area of head (or barrel) of cylinder, square inches 

Ap pressure drop across cy34.n<3er including loss from jacket exit, 
inches of water 

p average density of cooling air entering and leaving fins, 
pound f eef" ^ second"^ 

p.^^ density of air at 29-92 inches of mercury and 70^ F, 
pound feet second 

I indicated horsepovv^er per cylinder 

A temper atiai'e of 70^' F instead of the usual 60"^ F was used in 
calculating standard density to facilitate comparisons with earlier 
data on cylinder cooling that had been based on a 70^ F tem.psrature. 

The areas of the A, tlie 3, and the WACA cylinders are listed 
in table I. 
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TABLE I. - AREAS OF THREE CYLII'IDERS 



Cjlinder 


internal -wall area, 

^1 
(sq in,) 


Exterior -wall area, 
(sq m.) 


Hetid 


Barrel 


Head 


Barrel 


A 
B 
NACA 


76.8 
78. 14 
76.8 


8U.8 
8u^8 


lh2 

1U5- 

218 


68.5 
72.2 
62.6 



The methods of obtaining a^ and ai are given in reference 1. 
All three cylinders show greater internal -wall areas than exterior- 
irnll areas on the barrels, vniich may seem incorrect- The exterior-- 
v/all areas of the barrels are, ho^vever, based on a length that is 
sli2:htly greater than the barrel length covered by the fins; whereas, 
the inter nalMTall areas are based on a length measured from the 
bottom of the head flange to the position of the bottom com.pression 
ring when the piston is at bottom center. The exterior --wa?L.l areas 
of the barrels are chosen for use in computations because this area 
is the one ever v/hich the cooling air flows « Heat is carried av/ay 
by free convection from the small area bt'b?/een the flange and the 
cylinder jacket. This heat quantity is too negligible to be con- 
sidered in the cooling equations. 



Cylinder-Temperat'jre Relationships 

In reference 7 equations are developed in which temperatures at 
individual points on the cylinder are taken as functions of the 
engine and the cooling coxiditions. To determine temperatures at indi 
vidual points by such equations is tedious 1 if some simple relation 
■ between the average cylinder temperatures and perti:nent individual 
temperatures were "obtained, only the equations for the average temper 
atures and these simple relations must be kno-vvn to determine the indi 
vidual temperatures. 

The rear spark-plug temperature and the rear flange temperature 
are the raost pertinent temperatures of a cylinder because they are 
the present criterion of cylinder cooling for multicylinder engines. 
The rear spark-plug temperature and the rear f lanf^e temperature of 
the mCA cylinder have been plotted in figure 11 against the average 
head and the average barrel terrperatures for the tests that were 
made v/ith the widv:-entrance jack-t- Because the construction of the 
single-cvlinder test jacket does not permit the passage of cooling 
air over the f?Lan^?,e of the cylinder, the rear-flange, average^barrel 
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tenpGra^ixr-^ rolationship is not representative of luulti.cylinder 
rc::s\xLtts. 'A linear relationship exists for both sets oJ: teinpera- 
tures. Although there vvas very ].ittle variation of engine condi- 
tiuns for the t..^st3 Drwa in figure 11, the tests of a coiifnercial 
cylinder previouBi/ iiientioned have shovra that;, wheii this relation- 
shap ±3 established for t7/o temperatijres^ it Vvdll be applicable for 
any en^Ji::: or cooling con^iition. Figure 11 vd.ll therefore be used 
to deto-xijdne T--^ and wiien the roar spark-plug and the rear 

f:LangQ te?no{}rati.u''es are known for the engine and cooling conditions. 

For a riven rear spark-plug te-r:peratur?, an analysis of the 
cooling equation:: fox the tead anc3 th.> barrel of the NAGA cylinder 
ani of the curve ior..avoragf^ head teinperatui'e plotted against rear 
sparli-plug teiNperature shows that, although is constant for 

any entwine and cooling condition , T^^ does not remain constant as 
engine and coolin>}; conditions are varied. The only case in iA;?iich 
remains con::Jbant, -wnen th.; rear spark-plug temperature is con- 
stant but tho aooling and the enyine conditions vary, occurs when 
the values of o-Kponenbs n and n^ are the s-me in boU'i th- head 
and the barrel equations. Proii] figur'o 11, the limiting value of T}^ 
to be used in the cooling equations for determining estiinated pres- 
S:ire drops or horsopcv/ors can be obtained if the limiting value of 
the rear spark-plug tempo rat^'ir-e is kno-wn. 



Co4ipe2\Loon of Cooling Perfox^nance ox A, B, and NAGA Cylinders 

2?^E£^i^ Jll' %^ Equations (1) and (2) and 

similaFeqiiaLion^ Tor Uie A^cyliiider from reference 1 and for the 
B cyJ.indv:;r from unpublished data i^ere osed in obtaining the curves 
shj-wn in figure 12 for values of ^pp/pyQ of 2 and 30 inches of 
vrater.' The index of cooliiig ds the valiB of the ratios 
(^h " Ta)/('rg " ^-h) ("b - "a)/(^g - ^b)- The lower the values 

for a given pressure drop across tiie cylinder, the better the coolinrr. 
Comparisons of the cooling of different cylinders of the same dis- 
placement have gen.::ra].ly boon made at LMAL by olotting the index of 
cooling against i'^/[t^pp/pjQy, one curve for the head and one for tho 
barrel of a cylinder have been applicable to all pressure drops. 
The nature; of the equation, In virhich K;j is a constant, 
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shows that, if m equals n'/2, one curve of plotted 

2 '^g - 

against — ^-7 will be applicable to all pressure drops. The 

APP/?^ 

difference between exponents nV2 and m for the NACA cylinder 
is not negligible 5 for that reason separate curves are given in 
figure 12 for each pressure difference. 

Figure 12 shoiflrs a marked improvement in cooling for the NACA 
cylinder as compared with the A cylinder for both the head and the 
barrel vmen the cooling is based on average outside-v/all tempera- 
ture. The inside-wall temperatures v/ill be discussed later* The 
NACA cylinder head also shov/s improvement over the head of the 
B cylinder, especially at lov/ pressure differences. That the NACA 
cylinder barrei shows slightly better cooling on the basis of oper- 
ating temperatures than the B cylinder barrel ms unexpected because 
the B cylinder barrel has 11 percent more fin area than the NACA cyl- 
inder barrel o Furthermore, the fins on the B cylinder barrel are 
of aluminum and therefore have a higher conductivity than the steel 
fins on the NACA cylinder barrel. The reason for these results is, 
as will be shown later in the report, that the B cylinder barrel 
dissipates more heat than the NACA cylinder barrel. It is therefore 
misleading to compare the two cylinder barrels on the basis of tern.- 
perature and neglect the total amoimt of heat each dissipated. For 
the same reason, the NACA cylinder head would be slightly better 
from the standpoint of cooling than is shovvTi in figure 12. 

Comparison of cooli ng pressure drops <> - A better representation 
of the~l^eiTti\^'c^ooi of the three cylinders than that shown in 
figure 12 is shovm in figures 13 and lU. The criterion for satis- 
factory cooling has been assumed to be h^O^ F on the rear spark plug 
and the calculations have been based on cooling air at a pressure of 
29,92 inches of mercury absolute and a temperature of 100^ F, -which 
are the values for Arrry standard air at sea level. Figure 15 shows- 
the pressure drop required for cooling at various indicated horse- 
powers. The values of horsepower cover a range from approximately 
rated pov/er of the A cylinder to the approximate power developed in 
take-off at the present time. The curves for the NACA cylinder were 
obtained by finding the average head temperature from figure 11 and 
the rear spark-pl\ig temperature and then determining the pressure 
drop from equation (l) . The density of the inlet cooling air vias 
used instead of the average density in equation (l) because use of 
the density from equation (l) vrould have complicated the calcula- 
tions and would have changed the results only slightly. The curves 
for the other two cylinders were found by a similar method. 

From an extrapolation of figure 13, a pressiure drop of about 
100 inches of water vvould be required to cool the A cylinder vdth 
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present take-off powers; vihereas the B cylinder and the NACA cyl- 
inder vd.ll cool under similar conditions yath 7 inches of vjat-sr. 
Figure 12 shows that the NACA cylinder head is much cool^^r than the 
B cylinder head for giv^en engine and cooling conditions, yet fig- 
ure 13 shows comparatively little improvement in pressure drop 
required by the NAGA cylinder. Figure 12, however, is based on an 
average autside-vv'all temperature, vhereas figure I3 is based on a 
constant rear spark-plug temperature. In order to obtain a rear 
spark-plug temperature of i^^O.^ F on the MCA cylinder, the average 
head temperature must be held at 368^ F| the average head tempera- 
ture 01 the B cylinder is k29^ F for a rear spark-plug temperature 
of F. Thus, in figure 15 the head of the NACA cylinder is much 

ccoler than the head of the cylinder. Indexes of cooling other 
than rear spark-plug temperature must therefore be established in 
orvder to compare cylinders of irldely different geometric design. 
If B, n*, kjii> tx,,, T|^, Tp^5 and the cylinder surface areas are 
knovvn, the inside-wall tem^perature of the head of a cylinder can be 
calculated for various horsepowers by the equation developed in the 
appendix* 



Ba^ J}^ (Tg ^ Th) 



^ T^, (6) 



where 

B and n* constants 

k^^ thermal conductivity 

average Vvall thickness 

The inside-:^;all temperatures of the NACA, the A, and the S cyl- 
inders in figure lU i^^ere calculated for the same conditions for the 
pressure-drop calculations of figure I3, As the horsepo»r/er increases, 
the inside-vrall teraperature of the three C7/linders increases for a 
constant rear spark-plug teraperature of k^O^ F. For low powers, the 
inside-warj. temperatures of the JIAGA cylinder are lower than those 
of the B cylinder, but for high po.vcrs the inside-imll temperatures 
of the NACA cylinder fire higher than those of the B cylinder. The 
NACA cylinder head is about 1.$ inciies thick and the B cylinder head 
is about 1 inch thick. The greater area of the MCA cylinder head 
facilitates heat transfer but the increased thickness counteracts 
this effect The ty?o factors combine to give the results shoi^ni in 
figure lit. The barrel temperatures of the three cylinders shora in 
figure lU were obtained by siibstituting the horsepowers and the 
pressure drops of figure I3 in equation (2) and in similar equations 
for the A and B cylinders. 
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Because both the insicLe-vall and the outside-^Tall temperatures 
of the three cylinders vere different vhen the index of cooling v;as 
450^ F on the rear spark plug^ and becau.se preignition^ knock^ and 
cylinder strength all depend on inside-wall temperature, an estimate 
of the pressure drop required for cooling the cylinder heads was 
made on the basis of a constant inside-T^ll temperatiure of 500^ F. 

The pressure drop requii^ed for cooling based on constant inside- 
vall temperature is given by 

r 



Ap = 



P ka pBI^'t (T - T ) - k I'k - T^il 



m 

> (7) 



in vhich m is a constant. (See appendix for derivation.) Equa- 
tion (7) vas used to determine the curves, of figure 15, which show 
that, when the criterion of cooling is an inside-wail head tempera- 
ture of 500'^ F, less pressure drop is needed to cool the A cylinder 
than when the criterion of cooling is a "rear spark-plug temperature 
of 450^ F; the differential amounts to about 45 inches of water as 
compai^ed with 100 inches of water. The constants in equation (?) 
were obtained from equation (l) for the MCA cylinder, fi'om refer- 
ence 1 for the A cylinder, and from unpublished data for the B cyl- 
inder. The calculations were based on Army standard sea-level pres- 
sure and temperature, and the density p in the equation was assumed 
to be inlet density. The temperatr^re of the inside wall must have 
been less than 500^ F for the A cylinder with 450^ F on the rear 
spark plug. The B cylinder needs a slightly higher pressure drop 
to hold 500^ F on the inside wall of the head than to hold 450^ F 
on the rear spai"k plug. The increase, however, is not very great; 
a horsepower of 120 requires about 9 inches of water press"are drop 
to hold 500^ F on the inside wall as against 7.4 inches of vzater 
to hold 450^ F on the rear spark plug. The NACA cylinder pressure 
drops increased to about 20 inches of water in order to hold 500^ F 
on the inside wall as compared with about 7 inches of water to hold 
450^ F on the rear spark plug. This large pressure drop in the case 
of the NACA cylinder is principallj/ due to the poor thermal bond be- 
tween the fins and the head. The inci-eased v/all thiclaaess of the 
MCA cylinder head over that of the B cylinder tends to increase 
the required pressure drop, whereas the increased outside-i/all area 
due to the increased, thiclcness tends to decrease the required pres- 
sure drop. The separate effects of -i.-all thickness and outsld.e-wall 
area on cooling will be discussed later. The corresponding barrel 
temperatures of the three cylinders for the conditions given in 
figure 15 are shown in figure 16, The high pressure drops required 
to cool the heads of the MCA and the A cylinders make the barrel 
temperatures of these cylinders lower than those of the B cylinder 
over part of the range. 
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Comparison of Qutside-wall heat-transfer coefficient s.- Calcu- 
lations vfere made of the outside-wall heat-transfer coefficients U 
for the NACA cylinder and the results were compared with coefficients 
for the A and the B cylinders • The outside-mll coefficients for the 
head and the barrel of a cylinder can be calculated from the equation 

U = KfApp/p-^oy^ 

The values of the constants K and .m for the head and the barrel 
were obtained from equations (l) and (2), respectively.- 

The results of the calculations, are shovm in figure 1?. At 
pressure drops above 9 inches of. water the heat-transfer coefficients 
of the head of the NACA ■ cylinder are less than those of the B cyl- 
inder; above 30 inches of water, they are less than those of the 
A cylinder. This result was entirely unexpected because of the 
better fin proportions of the NACA cylinder. Vvhen a perfect thermal 
bond v/as assumed for the NACA cylinder , the estimated heat-transfer 
coefficients showed considfirable improvement over those of the B cyl- 
inder. These coefficients are shewn in figure 17 by the broken line. 

Another interesting result of figure 17 is that the heat-transfer 

coefficients of the barrel of the NACA cylinder, which had steel fins, 
were slightly less for most pressure drops than the coefficients of 
the barrel of the B cylinder, which had an aluminum muff vrith alumi- 
num fins over the steel barrel liner. From, data on electrically 
heated cylinder barrels (references 2 and 8) the heat-transfer 
coefficients for barrels of the B and the NACA cylinders were com- 
puted. The calculations, which were made to check the results 
obtained from single-cylinder tests, showed that the coefficients 
for a barrel with fin proportions and material similar to those of 
the B cylinder v^ere higher than these for a barrel with fin propor- 
tions and material similar to those. of the NACA cylinder. The cal- 
culations therefore checked the trend of the barrel curves of fig- 
ure 17* 

The outside-wall heat-transfer coefficients of the head of the 
NACA cylinder were based on the .difference between the v/all tempera- 
tures and the cccling-air temperatures. Data were obtained on the 
temperatures of the fins adjacent to the wall of the head. The heat 
dissipatEid per degree Fahrenheit difference between the wall tem^pera- 
tures and the cooling-air temperature, and the heat dissipated per 
degree Fahrenheit difference betvfeen the fin temtperatures adjacent 
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to the v/alls and the cooling-air temperature were therefore calcu- 
lated for the head of the NACA cylinder from the single -cylinder 
engine tests. These heat values are proportional to the heat- 
transfer coefficients . The results of the calculations are shovm 
in figure 18. The temperature Th^ is the average of the 10 thermo- 
couples^ identified by the subscript A, installed on the root of 
the fins ; the temperature Ty^^, is the average of the same numbered 
thermocouples installed on the head. The heat dissipated per degree 
Fahrenheit difference betv/een fin and cooling-air temperatures is 
about UO percent greater than a corresponding heat transfer based 
on wall tem-perature . Thus, the bond between the fins and the head 
of the MCA cylinder v^/as not thermally perfect; an appreciable tem- 
perature drop from wall to fins ^as obtained. If the thermal bond 
between the fins and the wall were thermally perfect, the outside- 
wall coefficients of the NACA cylinder head vvould be about hO per- 
cent greater than those shown and would be of the order expected. 

Comparison of heat dissipati on*- Of interest in the design of 
air-cooled cylinders is the percentage of indicated horsepower 
dissipated as heat to the cooling air. Calculations have been made 
for the barrels and the heads of the three cylinders of the percent- 
age heat dissipated to the coolirg air at various indicated horse- 
powers under the same cooling conditions used in figure 13. The 
results are shoTO in figure 19 • With an indicated horsepower of 120, 
the percentage of heat dissipated from the B cylinder head is approxi- 
mately 17 percent 5 from the A cylinder head, about 29.5 percent; 
from the NACA cylinder head, 22 percent. From values given in fig- 
ure 19, coefficients of heat traiisfer can be estimated for given 
horsepovTer outputs, cylinder temperatures, and cooling-air tempera- 
tures in the design of new cylinders. 

Comparison of power required for cooling^.- The percentage power 
required for the three cylinders for various indicated horsepowers and 
with a rear spark-plug temperature of U?0^ F is shovm in figure 20. 
The power required for cooling ^vas obtained from the relation 



hn = "v^glght of air X pressure drop 
P Pig X 35,000 



in which the weight of air is in pounds per minute, the pressure 
drop is in pounds par square foot, and p-^g is in pounds per cubic 
foot. The pressure drop for cooling the NACA cylinder was calcu- 
lated from equation (l) and the vreight of air was obtained from fig- 
ure 8. The head temperature corresponding to the rear spark-plug 
temperature of k^O^ F was obtained from figure 11. The specific 
weight of air p^g was based on Army sea-^level pressure of 
29.92 inches of mercury absolute and temperature of 100^ F. The 
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powBrs for the A. and the B cylinders were calculated froin similar 
data* The calcalated powers are ihe internal -drag horsepowers 
across the cylinders and should not be confused ivith the power 
required for cooling engines placed in moving ducts or nacelles, 

Txhe percentage of the indicated horsepovver required for cooling 
the NA.CA and the B cylinders is very low, about 0.8 percent at an 
indicated horsepo^^^er of 120; but the A cylinder y^Quld have required 
about 23 percent if such a pov^er could have been developed by this 
cylinder. These values illustrate the great improvement in cylinder 
cooling that has resulted from better fin proportions. For the 
greater part of the range of indicated poorer s shora in figure 20^ 
the NACA cylinder shoves a little less, power required for cooling 
than the 3 cylinder. Over the entire range of powers shown, the 
NACA cylinder curve should be much lower than the 3 cylinder curve; 
the high percentages for the MCA cylinder curve are due to the poor 
thermal bond between the fins and the wall of the NACA cylinder head. 

Calculations similar to those of figure 20 v/ere also made for 
a constant inside-wall head temp3r.:.ture of $00^ F instead of a con- 
stant rear spark-plug temperature of UliJO^ F. The pressure drop 
required for cooling vras obtained by using equation (7); constants 
in trie equation for the NACA • cylinder vrere obtained from the present 
data; for the A cylinder, from reference 1; and for the B cylinder, 
from unpublished data on the Pratt & Whitney, R-2 800 cylinder. The 
results of the calculations are given in figure 21. Owing to an 
imperfect tliermal bond bett^/een the 'fins and the v/all of the MACA 
cylinders above an indicated horsepovver of 90 the power required for 
cooling the NACA cylinder is greater than the power required for 
cooling the B cylinder. Thus, at an indicated horsepower of 120, 
aoout 1 percent of the indicated" horsepovrer is required for cooling 
of the cylinder and almost 1; percent for the NACA cylinder. Becaus 
the average insi.de-wall temperature of the A cylinder head was much 
less than'^^00^ F for a rear spark-plug temperature of k^.O^ F, much 
less cooling power (about 8.^ percent) is required to hold an inside- 
wall terAoerature of !^00^ F than to hold a rear spark-plug temperature 
of U50^ F (about 28 percent) at an indicated horsepower ox 120. 
(See figs. 13, lU, and 1^.) 

Estimated Effect of Increased Cooling Surface and 

• Cylinder-Wall Thickness on Engine Performance 

The performance of .the NACA cylinder has been compared mth 
the performance of two commercial cylinders* The tliree cylinders 
differed in head thiclcness, head fin--surface area, barrel finning, 
and barrel material. It ds difficult under these conditions to 
determine the exact effect on performance of increasing the head 
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fin-surface area and of varying the head-wall thickness • Calcu- 
lations have therefore been made of the estimated pressure drop 
required to cool at constant power output hypothetical cylinders 
with a perfect thermal bond between the wall and the fins, vdth 
varying head-wall thickness, and with two fin-surface areas. In 
addition, calculations of the estirnated power output for constant 
cooling pressure drop v^rere made fcj the cylinders. 

As was previously stated, the assumption has been made in 
these calculations that the thermal bond betv^reen txhe fins and the 
wall v^as perfect for all the hypothetical cylinders. It is possible 
to obtain a perfect thermal bond betvveen the fins and the wall vrhen 
preformed fins are used. A steel cylinder barrel vri-th aluminum, fins, 
vfhich was manufactured later than the NACA cylinder, has been tested 
at LIilAL, The fins were preformed and cast in an aluminum base by a 
method similar to that used on the NACA cylinder; the aluminum base, 
in turn, was- bonded to the steel barrel. A sketch of a cross sec- 
tion of the cylinder is included in figure 22, Thermocouples were 
placed on the aluminum base at the locations shown in figure 22, 
the cylinder was electrically heated, and the heat loss was deter- 
mined for various amounts of cooling air passing over the cylinder. 
The calculated over-all heat-transfer coefficients U for a perfect 
thermal bond betyfeen the fin and the wall are shown for various pres- 
sure drops by the curve in figure 22. The experim.ental coefficients 
based on the wall temperatures are shoim by the points. The agree- 
ment between the calculated and the experim.ental values is very 
good, which indicates that this test cylinder has a thermal bond 
between the fins and the wall almost equivalent to the thermal bond 
of an integral fin-cylinder wall combination, 

An equation based on inside-v/aLl temperature has been developed 
in the appendix as equation (l6) for the pressure drop required for 
cooling for given cooling and power conditions, inside-wall and 
outside-v^all areas, thickness of the cylinder wall, and cylinder 
material . 




where A and x are constants for selected ranges of I as 
explained in the appendix^ By means of this equation the curves 
of figures 23 and 2h 'were obtained. The calculations were m.ade 
for hypothetical cylinders with the following characteristics: 
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Cylinder group 


1 




5 




Inside- head 
proportions 


B cylinder 


NACA cylinder 


Head-fin 

proportions 


B cyl- 
inder 


NACA 
cylinder 


B cyl- 
inder 


NACA 

cylinder 


Head thick- 
ness ^ inches 


Varying from 
0,?^ to 1.-50 


Varying from 
0-75 to Ic^^O 


Barrel 


B cylinder 


NACA cylinder 



Group 1 has been compared with group 2, and group 3 with 
group U. Comparisons made in this way Vv^ere thought to be fairer 
than comparisons of hypotlietical cylinders basically siinilar to the 
B cylinder (group 1) with hypothetical cylinders basically similar . 
to the NACA cylinder (group u) • The values of the constants K and 
m in equation (l6) for cylinder groups 1 and 3 wre obtained from 
unpublished test data on the Pratt & Whitney R--2800 cylinder. For 
groups 2 and U the constant K in equation (l6) v/as obtained by 
increasing the constant K in equation (l) by i4-0 percent because 
the heat-transfer coefficient for the NA.CA cylinder head vTOuld be 
increased 4O percent by a perfect thermal bond, (See fig. l8,) The 
constant m in equation (1) 7;as used for groups 2 and U. 

The values of A and x were calculated from equations (10) 
and. (15) of the appendix; the data needed for the cajculations were 
obtained for groups 1 and 2 from unpublished test data on the Pratt S^. 
Yfrdtney R-2800 cylinder and for groups 3 3-nd I4, from data on the 
NACA cylinder. The constant A and the exponent x in equation (I6) 
•are independent of wall thickness and type of finning. The value of 
Tg for all groups was obtained from a curve of Tg plotted against 
fuel-air ratio. A value of a^^ of 78. U square inches was used for 
groups 1 and 2 and 76*8 square inches, for groups 3 ^.nd h» (See 
table I.) The outside-wall areas a^, v^ere estimated for groups 1 and 
2 from the thickness and the outside-wall area of the B cylinder 
and for groups. 3 and li^ f rom. those of the NACA cylinder. The calcu- 
lations were based on Army sea-^level pressure and temperature and 
on a constant inside-\vall head temperature of ^00*^' F. The density 
p was assumed to be inlet density. The pressure drops calculated 
by means of equation (16) and the constants given are equivalent to 
the weight of air required to cool the cylinders for given condi- 
tions and do not correspond to the pressure drops that ?/ould exist 
for these air weights on the h^^qpothetical cylinders because of the 
changing path lengths. The pressure drops obtained from equation (I6) 
were therefore corrected for the path length of each cylinder- 
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Figure 25 shows the resalts of calculations for the fo'jr groups 
of cylinders for an indicated horsepoy/er of 67.8 per cylinder, 
approxi^iHtely cruising pov^^er, and a fuel-air ratio of 0,08. A large 
decrease in pressure drop, an average of approximately 30 percent 
over the range of wall thickness shovm, Ccin be obtained by using 
head fins of NACA cylinder proportions rather than fins of B cylinder 
proportions. Over the range of i-vall thiclcness shoiYn, the required 
pressui-'e drop decreased with all cylinder groups as the thiclmess 
increased. The increase in heat transfer caused by the increase in 
fin surface as the v/all thickness increased more than balanced the 
decrease in heat transfer caused by the thicker walls . A maximum 
thickness will be reached beyond which the pressure drop increased. 
The decrease in pressure drop was approximately ^0 percent (from 
initial pressure drops of 3»66 and ^j*21 in. of water) for the cyl- 
inders vd-th the B cylinder head fin proportions ; . and percent 
(from initial pressur-e drops of 0.-7u and 1,25 in. of water) for the 
cylinders with NACA cylinder head fin proportions. 

The powers required for cooling the f om- cylinder groups are 
also plotted in figuxe cj. The r-ve-^af^e decrease in cooling power 
over the range of wall thicknesses is showj. more than 90 percent 
when NACA cylinder fin proportions are used instead of the B cyl- 
inder fin proportions* The decrease in. cooling power as wall thick- 
ness increases is also large for all cj^linder groups « In no case, 
hovrever, is the cooling power greater than 1- percent of the indi- 
cated, power. 

The results of calculations for an indicated horsepower of 
133 •3 P^r cylinder, approx?im.ateiy take-off power, and a fuel-air 
ratio of 0.10 for the four groups of cylinders are shown in fig- 
ure 2I4.. A large decrease in pressure drop required for cooling is 
again obtained by using MACA cylinder fin proportions instead of the 
B cylinder fin proportions on the heads of the hypothetical cyl- 
inders; this decrease is approximately 80 percent for cylinder 
groups 1 and 2 and about 7C percent for cylinder groups 3 ^^^nd )4. 
For the B cylinder head fin proportions, a reduction in pressure 
drop from 6 to 2«8 inches of -A-ater in groups 1 and 2 and from I3 to 
7 inches of yi-ater in groups 5 sind k is obtained by increasing the 
head-wall thickness from 0.7.^ inch to 1.;^ inches. The corresponding 
decreases in power I'equired for cooling, also shown in figure 2ij, 
are 92 and 8h percent, respectively. Although these reductions in 
cooling power are large, the fact that the maxim.um cooling power is 
only 2 percent of the indicated horsepov;er makes them less important 
than the reduction in cooling^pre.':sure drop* The pressure drop 
required for cooling in the four groups decreases as the thickness 
of the cylinder-head wall increases for the range of tliickness shown; 
the decrease based on the pressure drop for a 'vvall thickness of 
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0.7.5 i-^-ch is about ^0 percent for the cylinders with E cylinder fin 
proportions and 6$ percent for the cylinders with NACA cylinder 
fin proportions. These percentage decreases of pressure drop due 
to the increase of vrall thickness and to the changing of fin propor- 
tions to obtain large fin-surface areas are of the order of pressure- 
drop decreases obtained in figure 23 for the cruising-poiver condition. 

Calculations for the four groups have also been made of the esti- 
mated povv-er output that could be obtained for a pressure drop of 
7 inches of water across the cylinder, a constant inside-wall head 
temperature of $00^ F, and a fuel-air ratio of 0.10 for a range of 
head-vvall thicknesses from 0*7 inch to 1.9 inches. The calculations 
were based on Arriry standard sea-level pressure and temperature. Equa- 
tion (17) of the appendix was used for calculating the power outputs. 



The constants in the equations for the four groups of cylinders are 
the same used in equations (8), (10), (15'), and (17) for determining 
the results of figures 23 and 2u. The method of determining A and 
X is given in the appendix. In order to use, in the calculations 
for figure 2^, the constants K and m of equation (I6) , the pres- 
sure drop of 7 inches of water had to be corrected for flow-path 
length of the cylinders to obtain pressure dr6ps equivalent to the 
weight of air actually flowing across the cylinders. 

The results of the calculations are shorn in figure 2^. The 
curves for the cylinders vrith NACA cylinder fin proportions on the 
heads show a maximum estimated power output at a wall thickness of 
about 1.6 inches; the c^jrves for cy].inders v/ith B cylinder fin pro- 
portions on the heads show a maximum output at a wall thickness of 
about 1.8 inches. Above such thicknesses the loss in heat transfer 
due to the thick wall more than ba].ances the gain in heat transfer 
due to the large outside-wall areas, of the heads with resultant 
large fin-surface areas. The gain in power output in changing from 
a vvall thickness of 0.7 inch to optimum wall thickness is from 10 
to 20 percent for cylinder groups 2, 3, and k and about 30 percent 
fcr cylinder group 1. A gain of about 3^ percent in maximum po^/ver 
output is possible by using NACA cylinder fin proportions instead 
of B cylinder fin proportions for the cylinders with B cylinder bar- 
rel, and 2U percent for the cylinders with the NACA cylinder barrel. 
By the use of optimum fin proportions on the heads of the cylinders 
■instead of NACA cylinder proportions, the value of 35 percent could 
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be increased to approximately 50 percent. Fig^ore 25 shows that 
power outputs of 260 indicated horsepower (ahout 4700 ihp for 
18 cj^linders) could he obtained with a cylinder of 1.6 inches head- 
I'/all thickness, NACA cylinder fiii proportions on the head, and a 
B cylinder barrel. A power output of 260 indicated horsepower 
illustrates the possibilities of the air-cooled engine solely on 
the basis of cooling considerations. The attainment of such powers 
in future engines will depend not only on a change in the design of 
the cooling surfaces but also on mechanical modifications of the 
engine and the improvement of fuels and spark plugs* An indicated 
mean effective pressure of 288 poimds per square inch Tvas obtained 
in the tests of the MCA cylinder, which is slightly higher than 
present values of take-off indicated mean effective pressures. Ro 
tests were made at a higiaer power output because the hold-down 
bolts in the flange of the cylinder could not withstand the higher 
loads. 

The increase of cylinder-wall thiclmess and the addition of 
fin surface to a cylinder, with the consequent addition of cylinder 
weight to an engine, will depend upon the service requirements of 
the engine. The increased weight for adequate cooling of the cyl- 
inder would not be advisable if the high power output made possible 
by such an addition could not be obtained because of knock or pre- 
ignition characteristics of the fuel.' In addition, if a high power 
is necessary only for take-off, the addition of cylinder weight for 
adeqixate cooling for such a short period would be laneconomical. It 
would probably be advisable to cool the engine for such a short 
period by the use of an overrich mizture. 



CONCLUSIONS 

1. The tests of the NACA cylinder showed that the outside- 
wall heat-transfer coefficient could be increased 40 percent over 
that obtained on the present NACA cylinder by providing a perfect 
thermal bond between the fins and the wall of the head. 

2. Estimates showed that, for a range of power from present 
cruising to take-off power, and for a range of wall thicknesses 
from 0.75 inch to 1.5 inches, the pressure drop required to cool 
a commercial cylinder could be decreased as much as 80 percent if 
the head fins are replaced by fins of NACA cylinder proportions 
and if the thermal bond between the walls and the proposed fins 
is perfect. 
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3, On a basis of a constant inside-wall head temperature of 
500^ F, it is estimated that the substitution of NAGA cylinder fin 
proportions for the/fins on* the heads of commercial cylinders 
permit an increase in poiver output of approximately 3^ percent. 
If optimum fin proportions are used, this value is increased 'to 
50 percent* These estimated increases are solely on the basis of 
cooling and do not take into account arr/ of the other factors 
limiting power output. 

li. As cylinder-wall thickness increases, the heat transfer 
decreases because of the greater path length for the heat flow and 
the heat transfer increases' because of the greater outside-wall 
area 5 thus, fin-surface area increases if the fin proportions are 
held constant* Calculations of estimated poY^er outputs of hypo- 
thetical cylinders show that the optimum thickness for heat transfer 
is appiroximately 1«7 inches. 

Calculations based on a constant inside-v/all head tempera- 
ture of 500° F indicated that the pressure drop required for cooling 
hypothetical cylinders of varj^ing head-wall thickness could be 
decreased ^0 percent by increasing the thickness from 0.? inch to 
le^ inches. . " 

6. Based only on cooling considerations, an estimated output 

of 260 indicated horsepower could be developed by a hypothetical 
cylinder with an aluminum mijfi on the barrel, NACA cylinder head 
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fin proportions^ a v^all thickness, of lc6 inches, 7 inches of water 
pressure drop available for cooling^ and a constant insidc-v/all 
head temperat\ii*e of ^00^ F. 



Aircraft Engine Research Laboratory^ 

National Advisory CoiTi'mittee for Aeronautics ^ 
Cleveland J Ohio. 
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APPENDIX 

DEVELOPMENT OF EQUATIONS FOR ESTIMATED PO?iER OUTPUT 

AND PRESSURE DROP REQUIRED FOR COOLING 

The rate of heat transfer (Btu per hr) from the combustion gas 
to the cylinder head in the range of fuel-air ratios to the rich 
side of the theoretically correct mixtixre may be witten as a good 
first approximation (reference l) , 

H = % I^'(Tg - Th) (5) 

For the rate of heat transfer from the cylinder head to the cooling 
air, the follomng equation is given in reference 1: 

.TTi 



Hi = Kao (App/p.,.o) - Ta) (U) 



The conduction of heat through the head may be expressed by the 
following equation (reference 7) : 

In the foregoing equations: 

H heat transferred per unit time from combustion gas to 

cylinder head, Btu/hr. . i: 

B and K constants 

a^^ internal area of head of cylinder, sqvinv i -v: 

I indicated horsepcvver per cylinder 

m and n^ constants 

Tg effective gas temperature, 

T}^ average temperature over outside cylinder-head surface 
when equilibrium is attained, ^F 

Tg^ inlet temperature of cooling air, *^F 
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Ap 



heat transferred per anit time from cylinder head to 
cooling air, Btu/hr 

* outside-y/all area of head of cylinder, sq in.. 

pressure drop across cylinder including loss from jacket 
exit, in. water 

average density of cooling arr entering and leaving fins, 
lb ft"^ sec^ 

density of air at 29*92 inches of mercury and 70^ F, 
lb ft-^ sec^ 

thermal conducti'jity of bead, (Btu)/(hr) (sq in.)(^/in.) 
average thickness' of v/all, in. 
average inside— head temperature. 
For equilibrium K = H]_ 

Equations (3) and (^) can be combined to obtain 

Ba-^I"^' (Tg - Th) 



•^70 
km 

Th- 



1 



+ 1 



h 



(6) 



■ Equations (3), (U), and (<) can be combined and can be 

eliminated to _give Ap as a function of Th-|_ 



Ap = 



'70 



1/m ■ 



Ka^|BI^'t,, 



(Tg - la) - km(l 



'hi - Ta)j 



(7) 



The mean coefficient over the entire cycle for the transfer of 
heat from the combustion gas to the cylinder is defined in refer- 
ence 1 as 



^o^ 



H 



a^CT. - ig 



(8) 



men equation (8) is compared with equation (3), the mean coefiicient 
is equal to Bl'^' . Because i\q is based on outside -wall temperature, 
it is an over-all heat-transfer coefficient and takes into account 
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the transfer of heat by convection froin the gas to the inner ?/all 
and the transfer of heat by conduction from the inner to the outer 
•;vall. The heat-transf er coefficient q^^ for convection of heat 
from the gas to the inner v/all is vrritten 



'^fhen equations {^) , (8), and (9) are combined, the coefficient q-^ 
in terms of the over-all coefficient q^ may be obtained or. 



^1 



1 - q^ 



(10) 



A combination of equations (U) and (9) gives 



k combination of equations (U) and (5) gives 



m 



(12) 



Solving equations (ll) and (12) for Ti^ and equating the resulting 
equations give 

^1^1 (Tg-Thi) + (^PP/P-joJ ^a ^ATh^^^ Ka^^^pp/p.^)^ t^.^^ ^^^^ ^ 

Ka^ ^pp/p^o)"" a-Lk^ + Ka^^App/p^Q^X 

Because q-, is the heat-transfer coefficient for the con- 
vection of heat^from the gas to the inner wall, this coefficient 
is deoendent only on Ij v/hereas the coefficient for the convection 
of heat from the gas to the outer ivall q^ is dependent on both I 
and t^. For a particular cylinder the variation ^ of q^ with I 
can be obtained substituting the value of Bl^ for q^ in 
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equation (10) j the values of B and n' are determined from tests 
of the cylinder, '/Phen the values of and kj^ fcr the cylinder 

are also substituted in equation (lO) , the variation of q^ m.th 
I becomes 

qi = — - (Ih) 
For limited ranges of I this variation can be approximated by 



where A is a constant; In selected ranges of I the error^involved 
in the approxiination is less than 1 percent, and values for A and n 
can be determined for each range. Squation (l?) is valid for any cyl- 
inder with the same inside dimensions and combustion conditions as the 
cylinder from which the constants are obtained. 

Substitution of equation (15) in equation (I3) gives a solution 
for Ap: 




In like manner equation (15) can be solved for I to obtain 




The pressure drop required for cooling for various wall thick- 
nesses, and thus various outside-wall areas, can be obtained from 
equation (I6) for given values of I, T]^^, ana T^. The power 

that can be developed for various wall thicknesses can be obtained 
from equation (17) for given values of App/p^Q, Tj^^, and T^. 
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Fig. la,b,c,d,e 




(d) Fins, spacers, and cores f^J Cy I f nder-heod casting, 
assembled In flask. 

Figure 1. - Stef>s In the casting of the HACA cylinder head. 
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Fig. 6 
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Figure 6. - Diagram of uide-entronce jocl<et enclosinp 
HACA cylinder. ^ 
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Figure 8.- Voriation of cooling-air weight with pressure drop oeross heotf 
and borrel of cylinder. 
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Figure II,- Variation of rear spark-plug temperature with overage head 
temperature, and rear flange temperature with averoge barrel tem- 
perature* Engine speed, 1501 rpm; spark timing, 27*B.T.G 
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Figure 14- Borrel ond inside -wdl temperatures of A, B, and NACA cylinders for 
reor spork-plug temperoture of 450*F. Cooling- oir temperoture,IOO«F-, 
cooling -air pressure, 29.92 inches Hg obsolute^ fuel-air ratio, 0.08. 
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Figure I5r Pressure drop required to cool A, B, end NACA cylinders for on inside - 
wall temperature of 500 «F Cooling-air pressure at inlet, 29.92 Inches HgobsotulS; cool- 
ing-air t6mperature,IOO*F; fuel-air ratio, 0.08. 
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Pressure drop across cylinder, A p (>/e7o , in. water 

Figure 17.— Variation of outside-wall heat-transfer coefficients with 
pressure drop ocross cylinder for A,B, ond NACA cylinders. 
Estimated NACA coefficient bdsed on thermolly perfect bond. 
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Figure 18.- Effect of pressure drop across cylinder on 
**/(''"hw" To) o"** M/(Thf-To). No boost; spark timing, 
27» B.T.Cj corburetor-oir temperature, T?" F. 
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Figure 20.*- Percentoge indicated horsepower required 
for cooling A, B, and NACA cylinders. Cooling-air 
pressure of inlet, 29.92 inches absolute; cooling-air 
temperature, lOO^F; fuehair ratio, 0.08; rear spark** 
plug temperoture, 450^ F. 
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Rgure 21.— Percentage indicated horsepower required for cooling A, 

ond NACA cylinders. Cooling *oir pressure at inlet, 29.92 inches 

Hg obsolute; cooling-air temperature, lOCF; fuel-air ratio, 
0.08; Inside* wall temperature of head, SOC'F 
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Figure 23.- Effeot of woll thieltnoss on pressure drop and power required 

for cooling with 8 and NACA cylinder-head fin proportions at cruising power. 
Fuel-air ratio, 0,08{ cooling-air temperature, lOCF; cooling-air pressure 
at inlet, 29.92 inches Kg ^solutS) inside-woll temperature, SOCF; 
indicated horsepower per cylinder, 67.8. 
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Figure 24.— Effect of wall thickness on pressure drop and power required 
for cooling with 8 and NACA eylinder-heod fin proportions at tolte-off 
power. Fuel-oir ratio, 0.10; cooling-air temperature, I00*F; cooling-oir 
pressure at inlet, 29.92 inches Hg absolute; inside-wall temperature, 
500*F; indicated horsepower per cylinder, 133.3. 
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